Introduction
============

Pranlukast hemihydrate, *N*-\[4-oxo-2-(1H-tetrazol-5-yl)-4H-chromen-7-yl\]-4-(4-phenylbutoxy)benzamide 1/2H~2~O, is a selective, competitive antagonist of the cysteinyl leukotriene receptors, inhibiting binding at the cysteinyl leukotriene type 1 receptor. Pranlukast hemihydrate is insoluble in water (1.03 μg/mL at 37°C) and is formulated as a hard gelatin capsule in its commercial dosage form, which is used to treat chronic bronchial asthma and to prevent exercise-induced asthma.[@b1-dddt-9-3257]--[@b3-dddt-9-3257] The absolute bioavailability of pranlukast is approximately 4.3% after oral administration to rats.[@b4-dddt-9-3257] A minimum of 12.5% of an oral dose of pranlukast administered after ingestion of food is absorbed, as indicated by the ratio of urinary and fecal excretion of the drug in healthy volunteers.[@b1-dddt-9-3257] To improve the biological performance of pranlukast hemihydrate, various formulations, such as microsuspensions, nanosuspensions, and solid dispersions, have been studied.[@b5-dddt-9-3257]--[@b9-dddt-9-3257]

Amorphous solid dispersions are widely used in formulations of poorly water-soluble active pharmaceutical ingredients (APIs). Generally, APIs exist in an amorphous form within solid dispersions, resulting in increased oral bioavailability of APIs via increased solubility and dissolution.[@b10-dddt-9-3257]--[@b13-dddt-9-3257] Solid dispersions can be manufactured by solvent evaporation of organic solutions prepared by dissolving APIs and carriers in organic solvents such as methanol, ethanol, acetone, and methylene chloride, owing to the poor water solubility of APIs. Recently, novel solid dispersion systems for APIs have been reported, including surface-attached and surface-modified solid dispersions, which do not utilize organic solvents with potential toxicity and exhibit dramatically improved solubility, dissolution, and oral bioavailability.[@b14-dddt-9-3257]--[@b17-dddt-9-3257]

The present study was conducted to develop an oral formulation to improve the dissolution and oral bioavailability of pranlukast hemihydrate by incorporating it into a surface-modified microparticles. The solubility of pranlukast hemihydrate in different excipient aqueous solutions was analyzed to select the best hydrophilic polymer and surfactant. In this study, the surface-modified pranlukast hemihydrate microparticle was prepared by the spray-drying method with hydroxypropylmethyl cellulose (HPMC), sucrose laurate, and water and without the use of an organic solvent. The physicochemical properties of the surface-modified pranlukast hemihydrate microparticle were characterized using scanning electron microscopy, powder X-ray diffraction, a particle size analyzer, and contact angle determination. In addition, the dissolution and oral bioavailability of the surface-modified pranlukast hemihydrate microparticle in rats was evaluated in comparison with a commercial pranlukast hemihydrate product.

Materials and methods
=====================

Pranlukast hemihydrate was kindly donated by Yuhan Pharm Co Ltd. (Yongin, Korea). Hydroxypropyl cellulose and HPMC (2910) were purchased from Nippon Soda Co (Tokyo, Japan) and Shin-Etsu Chemical Co Ltd (Tokyo, Japan), respectively. Polyvinylpyrrolidone K30, polyvinylpyrrolidone vinyl acetate VA64, poloxamer 188, poloxamer 407, and solutol HS15 were obtained from BASF Co Ltd (Ludwigshafen, Germany). [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate (TPGS, Eastman Co, Kingsport, TN, USA), Gelucire 44/14 (Gattefossè, Saint-Priest, France), sucrose laurate (Ryoto sugar ester L1695, Mitsubishi-Kagaku Foods Co, Tokyo, Japan), and sodium lauryl sulfate (Sigma-Aldrich Co Ltd, St Louis, MO, USA) were used as surfactants. Montelukast was used as an internal standard (Sigma-Aldrich). The commercial pranlukast hemihydrate product containing 112.5 mg of pranlukast hemihydrate (Onon^®^ capsule, Dong-A ST, Seoul, Korea) was purchased from a pharmacy. Acetonitrile, ethanol, and methanol were of high-performance liquid chromatography (HPLC) grade.

Measurement of pranlukast hemihydrate solubility in various excipients
----------------------------------------------------------------------

To select the best hydrophilic polymer and surfactant ([Table 1](#t1-dddt-9-3257){ref-type="table"}), the solubility of pranlukast hemihydrate was measured in various aqueous solutions containing the excipients at 1% and 5% concentrations (w/v) for the polymer and surfactant, respectively. Approximately, 50 mg of pranlukast hemihydrate was added to 15 mL of aqueous solution containing each excipient. The suspensions were sonicated for 2 hours in an ultrasonic bath (model 5800, Branson, Danbury, CT, USA). The samples were allowed to equilibrate by incubating them in a shaking water bath (BS-21, Jeiotech Co Ltd, Daejeon, Korea) at 25°C for 24 hours. Preliminary experiments showed that 24 hours was sufficient to achieve equilibrium solubility with pranlukast hemihydrate. After 24 hours, each sample was filtered using a 0.45 μm polytetrafluoroethylene syringe filter and transferred to a volumetric flask. Subsequently, the samples were diluted with the mobile phase. The concentration of pranlukast hemihydrate was assessed by HPLC analysis using a Waters HPLC system (Milford, MA, USA). The HPLC apparatus consisted of a pump (model 600), a column oven (steel column heater 600), an autosampler (model 717 plus), an ultraviolet detector (model 486 tunable absorbance detector), and a chromatographic data processor (Empower Pro). Separations were performed on a Capcell Pak C18 MG (4.6 mm ×250 mm, 5 μm) reversed-phase column (Shiseido Fine Chemicals, Tokyo, Japan) eluted under isocratic conditions with a mobile phase consisting of 20 mM aqueous potassium dihydrogen phosphate-acetonitrile-methanol (30:58:12 v/v/v). The injection volume was 20 μL. Chromatography was performed at 30°C at a flow rate of 1.0 mL per minute. An ultraviolet detector was used at a wavelength of 262 nm.

Preparation of surface-modified pranlukast hemihydrate microparticles
---------------------------------------------------------------------

Based on the results of the solubility study, HPMC and sucrose laurate were used as the hydrophilic polymer and surfactant, respectively. First, various amounts of HPMC and sucrose laurate were dissolved in water and 5 g of pranlukast hemihydrate was dispersed in 100 g of each solution using a mechanical overhead stirrer (RW16 basic, IKA, Staufen, Germany). Each suspension was further homogenized using an Ultra-Turrax^®^ T18 (IKA) at 20,000 rpm for 10 minutes. The resulting suspension was spray-dried through a two-fluid pressure nozzle attached to a peristaltic pump using a Buchi 191 nozzle type mini-spray dryer (Buchi, Flawil, Switzerland). During processing, the spraying rate (5--10 mL per minute) and inlet air temperature (115°C--140°C) were adjusted to maintain the outlet temperature between 77°C and 84°C. The spray air pressure was 5 kPa. The flow of the feed was concurrent with the direction of the inlet drying air.

Characterization of the surface-modified pranlukast hemihydrate microparticles
------------------------------------------------------------------------------

### Particle size analysis

The shape and morphological characteristics of the surface-modified pranlukast hemihydrate microparticles were analyzed by scanning electron microscopy (JSM-7100F, JEOL Ltd, Tokyo, Japan) at 5.0 kV. The particle size distributions of the dry powders of the surface-modified pranlukast hemihydrate microparticles were measured based on the Fraunhofer theory with a Helos laser diffraction spectrometer and a Rodos dry dispersing unit (Sympatec Ltd, Clausthal-Zellerfeld, Germany). The particle size distribution was measured using an R2 lens with a measuring range of 0.25--87.5 μm. A RODOS 4 mm disperser at 5.0 bar pressure was used. Measurements were made in triplicate.

### Powder X-ray diffraction

Powder X-ray diffractograms were obtained using a D/max-IIIC X-ray powder diffractometer (Rigaku, Tokyo, Japan). All samples were exposed to Cu-Kα radiation (40 kV, 45 mA). The samples were analyzed between 5° and 60° 2θ with a step width of 0.01° at a scanning speed of 3° per minute.

### Contact angle

To quantify the surface wettability of the surface-modified pranlukast hemihydrate microparticles, the water contact angle of sessile drops was measured at room temperature and in ambient air conditions using a Krüss EasyDrop goniometer (Krüss, Hamburg, Germany). For the measurements, discs of the surface-modified pranlukast hemihydrate microparticles were prepared by compressing 100 mg of powder in an hydraulic press (PerkinElmer, Waltham, MA, USA). Sessile drops comprising 3 μL distilled water were released onto the surface of the discs through a 22-gauge flat tip needle and observed through a stereo microscope and charge-coupled device camera. Contact angles were determined using Drop Shape analysis software (Krüss, Hamburg, Germany). Advancing contact angles were measured for 1 minute after addition of the droplets. Contact angles were expressed as the average of six measurements at different places.

### In vitro dissolution test

The dissolution studies were conducted in a United States Pharmacopeia dissolution apparatus II (paddle method, Electrolab, Mumbai, India). The dissolution medium was maintained at 37°C±0.5°C and stirred at 50 rpm by means of an adjusted constant speed motor. Surface-modified pranlukast hemihydrate microparticles equivalent to 112.5 mg of pranlukast hemihydrate were introduced into the dissolution vessel and the time was recorded (time 0). Samples (5 mL) were withdrawn at different time intervals and replaced with fresh dissolution medium maintained at 37°C±0.5°C to maintain a constant volume. The samples were immediately filtered through a 0.45 μm polytetrafluoroethylene syringe filter and diluted with the mobile phase. The concentration of pranlukast hemihydrate was assessed by HPLC analysis. Dissolution tests were also performed for the raw material and the commercial pranlukast hemihydrate product. Dissolution media at pH 1.2 (HCl and NaCl), pH 4.0 (acetate buffer), and pH 6.8 (phosphate buffer) were used for the dissolution tests, which were performed in quadruplicate for each formulation.

Pharmacokinetic study
---------------------

The animal study protocol was in compliance with the institutional guidelines for the care and use of laboratory animals and approved by the ethics committee of Kyungsung University (Busan, Korea). Ten male Sprague-Dawley rats (250±10 g, Orient Bio Inc, Seongnam, Korea) were divided into two treatment groups of five rats each. Prior to the study, the rats were fasted for 18 hours. Each group received either the surface-modified pranlukast hemihydrate microparticles or the commercial pranlukast hemihydrate product at pranlukast hemihydrate doses of 40 mg/kg by oral administration. The surface-modified pranlukast hemihydrate microparticles and the commercial pranlukast hemihydrate product were dispersed in 1 mL of water immediately prior to oral dosing. Blood samples (approximately 0.25 mL) were collected in heparinized tubes from the retro-orbital plexus of the treated rats 0.25, 0.5, 1, 1.5, 2, 4, 8, and 12 hours after dosing. The blood samples were centrifuged at 10,000 rpm for 10 minutes at 4°C. The resulting plasma was transferred to individual Eppendorf tubes and stored at −70°C. Plasma concentrations of pranlukast hemihydrate were determined by liquid chromatography with mass spectrometry according to methods previously reported by our group.[@b5-dddt-9-3257] Pranlukast hemihydrate and montelukast (internal standard) were extracted from the plasma matrix by liquid-liquid extraction using ethyl acetate and methanol (2:8, v/v). Pharmacokinetic analysis of the data was carried out with WinNonlin Standard Edition software, version 5.3 (Pharsight Corporation, St Louis, MO, USA). The area under the curve (AUC~0→12\ h~) was calculated according to the trapezoidal method. The peak plasma concentration (C~max~) and the time to reach C~max~ (T~max~) of pranlukast hemihydrate in the plasma were taken directly from the data. Statistical analysis of the dissolution data and pharmacokinetic parameters was performed using *t*-tests or one-way analysis of variance followed by the Student-Newman-Keuls and least squares difference tests. The analyses were performed with Statistical Package for the Social Sciences version 21.0 software (IBM Corporation, Armonk, NY, USA).

Results and discussion
======================

In this study, surface-modified pranlukast hemihydrate microparticles were developed using the spray-drying method with a hydrophilic polymer, a surfactant, and water with the goal of improving the dissolution and oral bioavailability of pranlukast hemihydrate. First, to select the best hydrophilic polymer and surfactant for our purpose, the solubility of pranlukast hemihydrate was analyzed in different excipient aqueous solutions. As presented in [Table 1](#t1-dddt-9-3257){ref-type="table"}, the solubility of pranlukast hemihydrate in water without an excipient was approximately 0.36 μg/mL at 25°C, indicating poor water solubility, while its water solubility significantly increased upon addition of the hydrophilic polymer and surfactant. Among the tested surfactant aqueous solutions, pranlukast hemihydrate exhibited the greatest solubility (682.03 μg/mL) in the sucrose laurate solution, which was approximately 1,900-fold greater than its solubility in water without an excipient. Among the hydrophilic polymers tested, pranlukast hemihydrate (87.58 μg/mL) exhibited the greatest solubility in the 1% (w/w) aqueous solution of HPMC. Therefore, HPMC and sucrose laurate were selected as the hydrophilic polymer and surfactant, respectively, for the development of the surface-modified pranlukast hemihydrate microparticles.

The surface-modified pranlukast hemihydrate microparticle was easily manufactured by the spray-drying method with HPMC, sucrose laurate, and water and without the use of an organic solvent. Under scanning electron microscopy ([Figure 1](#f1-dddt-9-3257){ref-type="fig"}), raw pranlukast hemihydrate powder appears as needle-shaped crystals with a smooth surface. All of the surface-modified microparticles were present as relatively rough-surfaced agglomerates with needle-like crystals and irregular particles with a similar mean particle size (6--8 μm), indicating that HPMC and sucrose laurate were attached to the surface of the pranlukast hemihydrate crystal. There were no significant differences between the surface-modified microparticles (*P*\>0.05), as shown in [Table 2](#t2-dddt-9-3257){ref-type="table"}. HPLC analysis showed that the drug content of each surface-modified microparticle was almost equal to the theoretical value, indicating that pranlukast hemihydrate was not degraded during the spray-drying process. As depicted in [Figure 2](#f2-dddt-9-3257){ref-type="fig"}, the crystalline state of pranlukast hemihydrate within the surface-modified microparticles was determined using a powder X-ray diffractometer. Raw pranlukast hemihydrate had characteristic diffraction patterns at 2θ values of 9.8°, 14.4°, 16.6°, and 19.9°, corresponding to a highly crystalline state. All major characteristic crystalline peaks of pranlukast hemihydrate were observed in all of the surface-modified microparticles, indicating that pranlukast hemihydrate existed in an unchanged crystalline state in the surface-modified microparticles with HPMC and sucrose laurate. Wetting is the first process in dissolution of a solid oral dosage form and the degree of wetting (wettability) is an important predictor of the dissolution of poorly water-soluble APIs.[@b18-dddt-9-3257],[@b19-dddt-9-3257] Wettability is usually determined by the contact angle.[@b20-dddt-9-3257] Theoretically, a contact angle of 0° indicated complete wetting, while a contact angle of 180° indicates no wetting. As shown in [Table 2](#t2-dddt-9-3257){ref-type="table"}, raw pranlukast hemihydrate showed a contact angle greater than 73° due to its hydrophobic nature. However, the contact angle significantly decreased owing to surface modification with HPMC and sucrose laurate. The contact angle of the surface-modified pranlukast hemihydrate microparticles (F6 and F7) was found to be about 40°, demonstrating the improved wettability of pranlukast hemihydrate in the surface-modified microparticles. Therefore, our results suggest that pranlukast hemihydrate was present in a crystalline state in the surface-modified microparticles with enhanced wettability due to the attachment of HPMC and sucrose laurate to the surface of the poorly water-soluble pranlukast hemihydrate crystal.

To select an optimal formulation, the influence of the amounts of HPMC and sucrose laurate included in the formulation on the dissolution of pranlukast hemihydrate was investigated. The dissolution tests were performed by the paddle method in the pH 1.2 and pH 6.8 dissolution media under non-sink conditions. Dissolution profiles were obtained for raw pranlukast hemihydrate powder and the surface-modified pranlukast hemihydrate microparticles ([Figure 3](#f3-dddt-9-3257){ref-type="fig"}). The dissolution data obtained in the pH 6.8 dissolution medium were analyzed with respect to maximum drug dissolved (%), dissolution efficiency (DE~120~), and relative dissolution rate at 30 minutes ([Table 2](#t2-dddt-9-3257){ref-type="table"}). The DE~120~ values for pure pranlukast hemihydrate and surface-modified pranlukast hemihydrate microparticles were calculated as defined by Khan and Rhodes.[@b21-dddt-9-3257] As shown in [Figure 3](#f3-dddt-9-3257){ref-type="fig"}, the extent of dissolution and rate of raw pranlukast hemihydrate powder were extremely low in the pH 1.2 and pH 6.8 dissolution media due to the poor water solubility and wettability of pranlukast hemihydrate. In the pH 1.2 dissolution medium, the amount of pranlukast hemihydrate dissolution from the surface-modified microparticles with HPMC and sucrose laurate was very low for all compositions, perhaps due to the acidity of pranlukast hemihydrate. Pranlukast hemihydrate contains a tetrazoleheterocylce group (estimated pK~a~ approximately 5), which may influence its solubility in a pH-dependent manner, resulting in extremely low dissolution at acidic pH in comparison with other pH values.[@b22-dddt-9-3257] Furthermore, the solubility of pranlukast hemihydrate was less than 10 μg/mL in the pH 6.8 dissolution medium; however, the dissolution rate and extent of dissolution of the surface-modified pranlukast hemihydrate microparticles with HPMC and sucrose laurate significantly increased in the pH 6.8 dissolution medium. In particular, in terms of DE~120~ and relative dissolution rate at 30 minutes, the extent of dissolution of pranlukast hemihydrate from the surface-modified microparticles with an HPMC/sucrose laurate ratio of 1:2 (F7) was approximately 45.5-fold and 75.7-fold greater, respectively, than that of raw pranlukast hemihydrate powder. This result may be due to the improved wettability of the surface-modified microparticles and solubilization of HPMC and sucrose laurate. Furthermore, the rate of dissolution and extent of pranlukast hemihydrate were more dependent on the amount of sucrose laurate than on the amount of HPMC. As expected, the rate of dissolution and extent increased with the amount of sucrose laurate in terms of maximum drug dissolved (%), relative dissolution rate at 30 minutes, and DE~120~. The release of pranlukast hemihydrate from the surface-modified microparticles with an HPMC/sucrose laurate ratio of 1:2 (F7) had a maximum extent of dissolution of more than 85% within 30 minutes and had the greatest extent and rate of dissolution among the formulations tested. Therefore, the F7 microparticle formulation was considered the most suitable composition for surface-modified pranlukast hemihydrate microparticles synthesized with HPMC and sucrose laurate.

Dissolution of the surface-modified pranlukast hemihydrate microparticles (F7) was evaluated in three different dissolution media to allow comparison with a commercial pranlukast hemihydrate product. In the pH 1.2 and pH 4.0 dissolution media, the rate and extent of dissolution of pranlukast hemihydrate from the surface-modified microparticles (F7) was increased compared with that from the commercial product ([Figure 4](#f4-dddt-9-3257){ref-type="fig"}). In particular, dissolution of pranlukast hemihydrate dramatically increased from the surface-modified microparticles (F7) compared with that from the commercial product in the pH 6.8 dissolution medium. After 120 minutes in the pH 6.8 dissolution medium, about 90.8% of the drug in the form of the surface-modified microparticles (F7) dissolved, while only approximately 4% of the commercial product dissolved. Therefore, the surface-modified microparticle formulation generated with HPMC and sucrose laurate significantly enhanced dissolution of the poorly water-soluble drug pranlukast hemihydrate.

The enhanced dissolution of pranlukast hemihydrate from the surface-modified microparticles generated with HPMC and sucrose laurate could directly enhance the oral bioavailability of pranlukast hemihydrate. Therefore, we investigated the oral bioavailability of pranlukast hemihydrate following administration of the surface-modified pranlukast hemihydrate microparticles in Sprague-Dawley rats. [Figure 5](#f5-dddt-9-3257){ref-type="fig"} shows the plasma concentration-time profiles for pranlukast hemihydrate after oral administration of the surface-modified microparticles (F7) or the commercial product. The pharmacokinetic parameters (AUC~0→12\ h~, C~max~, and T~max~) of the surface-modified microparticles (F7) and the commercial product are presented in [Table 3](#t3-dddt-9-3257){ref-type="table"}. As shown in [Figure 6](#f6-dddt-9-3257){ref-type="fig"}, the plasma concentration of the surface-modified microparticles (F7), which showed a rapid drug absorption rate, was dramatically higher than that of the commercial product. The oral absorption of the surface-modified microparticles (F7) was significantly greater than that of the commercial product, with approximately 2.5-fold and 3.9-fold increases in AUC~0→12\ h~, and C~max~, respectively ([Table 3](#t3-dddt-9-3257){ref-type="table"}). These results suggest that the dissolution and oral absorption of pranlukast hemihydrate significantly increased upon incorporation into the surface-modified microparticles generated with HPMC and sucrose laurate. In general, poorly water-soluble APIs exist in an amorphous form within composite particles, such as in solid dispersion systems prepared by drying organic solutions containing an API, a hydrophilic polymer, and a surfactant, dramatically decreasing the crystallinity of such APIs.[@b23-dddt-9-3257] However, in this study, we prepared surface-modified pranlukast hemihydrate microparticles by attaching HPMC and sucrose laurate to the surface of poorly water-soluble crystalline pranlukast hemihydrate, without the use of a potentially toxic organic solvent. The hydrophilicity of pranlukast hemihydrate increased upon incorporation into the surface-modified microparticles, leading to enhanced dissolution and oral bioavailability without changes in crystallinity. In addition, the pranlukast hemihydrate content within the surface-modified microparticles (F7) was 99.5%±1.7% after 1 year at 25°C±2°C and 60%±3% relative humidity, and there were no significant changes compared with the drug content of the initial sample (100.1%±1.3%, *P*\>0.05). As shown in [Figure 6](#f6-dddt-9-3257){ref-type="fig"}, the dissolution profiles of the surface-modified microparticles (F7) were similar on day 0 and after 1 year. Therefore, the surface-modified microparticle (F7) is stable for at least 1 year under long-term condition.

Conclusion
==========

The present study was carried out to develop an oral formulation to improve the dissolution and oral bioavailability of pranlukast hemihydrate using surface-modified microparticles. Based on solubility measurements, surface-modified pranlukast hemihydrate microparticles were developed using the spray-drying method with HPMC, sucrose laurate, and water, without the use of an organic solvent. The surface-modified microparticles with an HPMC/sucrose laurate ratio of 1:2 showed rapid dissolution of up to 85% within 30 minutes in pH 6.8 dissolution medium, as well as oral bioavailability higher than that of the commercial product, with increases of approximately 2.5-fold and 3.9-fold in AUC~0→12\ h~ and C~max~, respectively. Taken together, these results demonstrate that surface-modified microparticles generated using HPMC, sucrose laurate, and water represent an effective oral drug delivery system for the poorly water-soluble therapeutic pranlukast hemihydrate.
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![Scanning electron micrographs of the surface-modified pranlukast hemihydrate microparticles generated using HPMC and sucrose laurate.\
**Note:** Total magnification of 2,000× with a scale bar corresponding to 10 μm.\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig1){#f1-dddt-9-3257}

![Powder X-ray diffraction patterns of the surface-modified pranlukast hemihydrate microparticles generated using HPMC and sucrose laurate.\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig2){#f2-dddt-9-3257}

![Dissolution profiles of the surface-modified pranlukast hemihydrate microparticles generated using HPMC and sucrose laurate in pH 1.2 (**A**) and pH 6.8 (**B**) dissolution media.\
**Note:** Data are expressed as the mean ± standard deviation (n=4).\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig3){#f3-dddt-9-3257}

![Dissolution profiles of the surface-modified pranlukast hemihydrate microparticles (F7) and the commercial pranlukast hemihydrate product in pH 1.2 (**A**), pH 4.0 (**B**), and pH 6.8 (**C**) dissolution media.\
**Note:** Data are expressed as the mean ± standard deviation (n=4).\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig4){#f4-dddt-9-3257}

![Plasma concentration-time profile of pranlukast hemihydrate in rats after oral administration of the surface-modified pranlukast hemihydrate microparticles (F7) and the commercial pranlukast hemihydrate product.\
**Note:** Data are expressed as the mean ± standard deviation (n=5).\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig5){#f5-dddt-9-3257}

![Dissolution profiles of the surface-modified pranlukast hemihydrate microparticles (F7) at pH 6.8 after 1 year under long-term condition.\
**Note:** Data are expressed as the mean ± standard deviation (n=4).\
**Abbreviations:** HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate.](dddt-9-3257Fig6){#f6-dddt-9-3257}

###### 

Solubility of pranlukast hemihydrate in various aqueous solutions containing hydrophilic polymers or surfactants

  Excipients                                                         Solubility (μg/mL)
  ------------------------------------------------------------------ --------------------
  No additive                                                        0.36±0.03
  HPC[a](#tfn1-dddt-9-3257){ref-type="table-fn"}                     19.06±2.21
  HPMC[a](#tfn1-dddt-9-3257){ref-type="table-fn"}                    87.58±3.61
  PVP K30[a](#tfn1-dddt-9-3257){ref-type="table-fn"}                 1.22±0.32
  PVP VA64[a](#tfn1-dddt-9-3257){ref-type="table-fn"}                4.68±0.54
  Gelucire 44/14[b](#tfn2-dddt-9-3257){ref-type="table-fn"}          20.03±1.23
  Sucrose laurate[b](#tfn2-dddt-9-3257){ref-type="table-fn"}         682.03±5.23
  Poloxamer 188[b](#tfn2-dddt-9-3257){ref-type="table-fn"}           17.43±1.76
  Poloxamer 407[b](#tfn2-dddt-9-3257){ref-type="table-fn"}           178.01±2.33
  Sodium lauryl sulfate[b](#tfn2-dddt-9-3257){ref-type="table-fn"}   266.54±4.21
  Solutol HS15[b](#tfn2-dddt-9-3257){ref-type="table-fn"}            321.97±3.31
  TPGS[b](#tfn2-dddt-9-3257){ref-type="table-fn"}                    129.21±2.11

**Notes:**

1% (w/v) concentration.

5% (w/v) concentration. Data are expressed as the mean ± standard deviation (n=3).

**Abbreviations:** HPC, hydroxypropyl cellulose; HPMC, hydroxypropyl methyl cellulose; PVP, polyvinylpyrrolidone; PVP-VA, polyvinylpyrrolidone-vinyl acetate; TPGS, [d]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate.

###### 

Formulation, particle size, contact angle, and dissolution data (pH 6.8) for surface-modified pranlukast hemihydrate microparticles generated using HPMC and sucrose laurate

  Code   Formulation (pranlukast hemihydrate:HPMC:SL)   Volume mean particle size[a](#tfn4-dddt-9-3257){ref-type="table-fn"} (μm)   Contact angle (°)   Maximum dissolution (%)   DE~120~(%)[c](#tfn6-dddt-9-3257){ref-type="table-fn"}   RDR[d](#tfn7-dddt-9-3257){ref-type="table-fn"} (30 minutes)   
  ------ ---------------------------------------------- --------------------------------------------------------------------------- ------------------- ------------------------- ------------------------------------------------------- ------------------------------------------------------------- ------
  F0     Raw pranlukast hemihydrate                     3.31±0.62 (1.89)[b](#tfn5-dddt-9-3257){ref-type="table-fn"}                 75.2±1.5            73.1±1.8                  2.87±0.2                                                1.8                                                           1.0
  F1     1:2:0                                          6.08±1.11 (1.90)                                                            63.3±1.1            53.7±1.9                  12.4±1.9                                                8.0                                                           10.3
  F2     1:1.5:0.5                                      6.78±1.33 (1.98)                                                            45.1±1.9            41.8±1.3                  17.4±1.5                                                14.7                                                          13.1
  F3     1:1:1                                          7.23±1.01 (2.02)                                                            47.9±1.5            42.5±1.8                  42.6±2.1                                                38.3                                                          35.5
  F4     1:0.5:1.5                                      7.01±1.29 (1.97)                                                            45.7±1.8            40.4±1.7                  62.2±1.6                                                56.3                                                          49.0
  F5     1:3:0                                          6.66±1.11 (1.90)                                                            59.3±1.3            51.3±1.3                  16.5±1.2                                                11.7                                                          13.8
  F6     1:1.5:1.5                                      8.01±1.45 (2.04)                                                            42.5±1.6            38.9±1.9                  66.6±1.9                                                60.7                                                          55.5
  F7     1:1:2                                          7.89±1.32 (1.99)                                                            44.3±1.7            39.8±1.4                  90.8±1.5                                                82.1                                                          75.7

**Notes:**

Particle size of the surface-modified pranlukast hemihydrate microparticles was measured using a Helos laser diffraction analyzer.

Span = (*d*~90~−*d*~10~)/*d*~50~, where *d*~10~, *d*~50~, and *d*~90~ are the diameter sizes and the given percentage value is the percentage of particles smaller than that size.

Dissolution efficiency was calculated from the area under the dissolution profile at 120 minutes and expressed as the percentage of the area of the rectangle described by 100% dissolution within the same period of time.

Relative dissolution rate was the ratio between the amount of drug dissolved from the surface-modified pranlukast hemihydrate microparticles and that dissolved from raw pranlukast hemihydrate after 30 minutes. Data are expressed as the mean ± standard deviation (n=3--6).

**Abbreviations:** DE, dissolution efficiency; HPMC, hydroxypropyl methylcellulose; SL, sucrose laurate; RDR, relative dissolution rate.

###### 

Pharmacokinetic parameters for the commercial pranlukast hemihydrate product and the surface-modified pranlukast hemihydrate microparticles generated using HPMC and sucrose laurate (F7)

                                        AUC~0→12\ h~ (ng·h/mL)                                     C~max~ (ng/mL)                                           T~max~ (hours)
  ------------------------------------- ---------------------------------------------------------- -------------------------------------------------------- ----------------
  Surface-modified microparticle (F7)   2,284.6±555.3[a](#tfn9-dddt-9-3257){ref-type="table-fn"}   769.4±212.9[a](#tfn9-dddt-9-3257){ref-type="table-fn"}   0.6±0.3
  Commercial product                    904.2±148.8                                                199.6±29.6                                               0.7±0.3

**Notes:**

Indicates *P*\<0.05 versus the commercial product. Data are expressed as the mean ± standard deviation (n=5).

**Abbreviations:** AUC, area under the concentration-time curve; C~max~, peak plasma concentration; HPMC, hydroxypropyl methylcellulose; T~max~, time to peak concentration; h, hour.
